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Prevalence and Severity of Left
Atrial Edema Detected by Electron Beam
Tomography Early After Pulmonary Vein Ablation
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Yuuichi Ninomiya, MD,* Takeshi Shimizu, MD,* Junji Toyama, MD,* Yukihiko Yoshida, MD,‡
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Objectives The aim of this study was to investigate the prevalence and severity of left atrial (LA) edema after pulmonary
vein (PV) ablation and its effect on the cardiac function.
Background Though extensive LA catheter ablation has been demonstrated to be more effective in curing paroxysmal atrial
fibrillation (PAF) than segmental ostial pulmonary vein isolation (S-PVI), it might cause life-threatening complica-
tions, including congestive heart failure associated with LA edema.
Methods Fifty patients underwent S-PVI (Group S) and 27 underwent circumferential PV antrum ablation (Group C) for drug-
refractory PAF. Enhanced electron beam tomography (EBT) was performed before, 1 or 2 days after, and 1 month
after the PV ablation, and transthoracic ultrasound cardiography (UCG) was performed 1 month after the PV ablation
in all patients.
Results The EBT assessment revealed LA edema immediately after the PV ablation in 47 Group S patients and all Group
C patients. The severity of the LA edema, number of radiofrequency applications, and amount of radiofrequency
energy delivered during the PV ablation was significantly greater in Group C than in Group S. One month after
the PV ablation, in all patients, the EBT assessment revealed that those edematous changes had disappeared,
and the UCG assessment showed no reduction in the cardiac function.
Conclusions Left atrial edema was observed in a large portion of the patients immediately after the PV ablation, and the se-
verity of the LA edema depended on the extent and amount of the radiofrequency energy delivered in the PV
ablation. The LA edema soon disappeared naturally and did not reduce the cardiac function. (J Am Coll Cardiol
2007;49:1436–42) © 2007 by the American College of Cardiology Foundation













Pn recent years, ablation targeting arrhythmogenic pulmonary
ein (PV) foci for drug-refractory paroxysmal atrial fibrillation
PAF), initiated by Haissaguerre et al. (1), has been established
s the pulmonary vein isolation (PVI) technique (2,3). How-
ver, in the initial versions of the technique, the high incidence
f PAF recurrence and complications such as PV stenosis
4–7) troubled both patients and operators. To improve the
linical results and avoid those complications, the target of the
V ablation was extended toward the PV antrum (8,9) or left
rom the *Division of Cardiology, Aichi Prefectural Cardiovascular and Respiratory
enter, Ichinomiya, Japan; †Division of Cardiovascular Diseases, University of
labama at Birmingham, Birmingham, Alabama; ‡Division of Cardiology, Nagoya
ai-ni Red Cross Hospital, Cardiovascular Center, Nagoya, Japan; §Division of
ardiology, Chukyo Hospital, Nagoya, Japan; and the Department of Cardiology,
agoya University Graduate School of Medicine, Nagoya, Japan.7
Manuscript received August 18, 2006; revised manuscript received October 18,
006, accepted October 30, 2006.trium (LA) (10). Extensive LA catheter ablation around the
Vs, combined with linear ablation at the superior portion of
he LA and mitral isthmus, has recently been demonstrated to
e a more effective technique for curing PAF than segmental
stial PV ablation (10). However, that technique might cause
ife-threatening complications such as an atrioesophageal fis-
ula (11) or congestive heart failure (CHF) associated with LA
dema (12). The prevalence and severity of LA edema after PV
blation and its effect on the cardiac function remain unknown.
he aim of this study was to investigate LA edema after PV
blation by using electron beam tomography (EBT) and
ransthoracic ultrasound cardiography (UCG).
ethods
atient characteristics. This study population consisted of
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April 3, 2007:1436–42 Prevalence and Severity of LA Edema After PVIymptomatic PAF refractory to 4  1 class I or class III
ntiarrhythmic drugs (not including amiodarone). The
ean PAF history was 5  4 years (range 1 to 15 years).
he mean LA dimension was 34.1  5.0 mm (range 22 to
4 mm), and mean left ventricular ejection fraction (EF)
as 67.2  10.1% (range 51% to 80%). Fifty patients
Group S) underwent segmental ostial PVI, and 27 (Group
) underwent circumferential PV antrum ablation. One
roup S patient had a history of a direct closure operation
f an atrial septal defect, and another had a history of
oderate aortic valve regurgitation. Two Group C patients
ad a history of ischemic heart disease. Written informed
onsent was obtained from all the patients, and all antiar-
hythmic drugs were discontinued for at least 5 half-lives
efore the study.
lectrophysiologic study. The trans-septal procedure was
erformed with intracardiac echocardiography guidance.
hereafter, intravenous heparin was administered to main-
ain an activated clotting time between 250 and 300 s.
atheterization into the LA was performed with a
-puncture and 2-sheath technique (1-sheath, 8-F, FAST
ATH SL 1, St. Jude Medical, AF Division, Minnetonka,
innesota) for an ablation catheter and again for a mapping
atheter (8.5-F, Soft Tip EP Sheath, EP Technologies,
oston Scientific, San Jose, California). Selective angio-
rams of all PVs were performed to identify the PV ostia
nd antrum.
arget PVs for isolation and PV mapping. The left
uperior PV, left inferior PV, right superior PV, and right
nferior PV were all targeted for a 2-PV isolation technique.
31-mm multielectrode basket catheter (MBC) (Constel-
ation, EP Technologies, Boston Scientific), which con-
isted of 8 splines (A to H) with eight 1-mm electrodes and
-mm spacing, was deployed within 3 to 4 PVs via the atrial
eptum. An MBC was introduced toward the distal PV and
hen pulled back with fluoroscopic guidance as proximally as
ossible without dislodgement until its most proximal
lectrodes were positioned at the PV ostium or antrum,
hich was identified by a selective angiogram. A total of 56
ipolar electrograms were recorded by the MBC during
inus rhythm (right PVs) or distal coronary sinus pacing
left PVs). When AF persisted during the electrophysiologic
tudy, internal cardioversion was used to restore sinus
hythm, and an MBC recording of at least 1 beat was
btained during the appropriate rhythm. If an MBC could
ot be deployed in the inferior PVs, a 20-electrode circular
atheter (Lasso, Biosense Webster, Diamond Bar, Califor-
ia) was used for mapping those PVs.
V ablation. In the Group S patients, segmental ostial PVI
argeting a preferential electrical connection between the
Vs and LA was performed as we previously described (13).
adiofrequency (RF) energy was delivered with a target
emperature of 55°C and maximum power output of 30 to
0 W for 30 to 60 s (EPT-1000TC generator, EP Tech-
ologies, Boston Scientific) using an 8-mm tip catheter
Blazer II 5770T, EP Technologies, Boston Scientific). hIn the Group C patients, cir-
umferential PV antrum ablation
argeting the PV antrum poten-
ials was performed as we previ-
usly described (9). Radiofre-
uency energy was delivered in
he same manner as in segmental
stial PVI. If a residual conduc-
ion gap was detected after the
V antrum ablation, additional
F applications to the PV side
ext to the previous RF lesions
ere delivered. The final end
oint of those 2 ablation tech-
iques was the complete PV
lectric disconnection and non-
nducibility of AF during an iso-
roterenol infusion (2 to 4 g/
in) and burst atrial pacing (to a
ycle length as short as 200 ms).
In the 2 PV ablation techniques, the catheter-dragging
echnique was not used during the RF applications and only
point-to-point RF application was applied. Therefore, we
hought that the number of RF applications might closely
orrespond to the extent of the RF ablation.
BT scan, UCG, and assessment of the LA wall. To
valuate the severity and thickness of the LA edema after
he PV ablation, an enhanced EBT scan was performed
efore, 1 or 2 days, and 1 month after the PV ablation using
n Imatron C-150 system (Imatron, South San Francisco,
alifornia). If the enhanced EBT scan performed 1 month
fter the PV ablation revealed LA edema, a follow-up
nhanced EBT scan was added every 3 months after the PV
blation until the complete disappearance of the LA edema
as confirmed. The Institutional Review Board of Aichi
refectural Cardiovascular and Respiratory Center approved
he study protocol for the serial EBT scans, and all patients
rovided written informed consent. The patients were
canned in the supine position, and a total volume of 100 to
20 ml of nonionic iodinated contrast medium (Iopamidol,
70 mg iodine/ml) was injected into the antecubital vein at
rate of 2 ml/s. Thirty seconds after the administration of
he contrast medium, 40 axial cross-sectional images of the
eart were acquired in the single-slice mode 100 ms after an
lectrocardiographic trigger signal was generated at 40% of
he RR interval (LA end-diastolic phase). The matrix size
as 512  512 and field of view 18 cm (pixel size 0.35 
.35 mm). The slice thickness was 3 mm with table
ncrements of 2 mm. Therefore, the EBT imaging range
as limited to 8 cm, which was sufficient to evaluate the
ntire LA and PV ostia. The images were transferred to a
orkstation (Allegro, ISG Technologies, Toronto, Canada)
nd analyzed by 2 experienced evaluators who were blinded
o the treatment option employed in each patient.
Left atrial edema was defined as LA wall swelling that
Abbreviations
and Acronyms
CHF  congestive heart
failure
EBT  electron beam
tomography
EF  ejection fraction
LA  left atrium
MBC  multielectrode
basket catheter
PAF  paroxysmal atrial
fibrillation
PV  pulmonary vein
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Prevalence and Severity of LA Edema After PVI April 3, 2007:1436–42dema was graded semi-quantitatively according to the
xtent of the edema as we defined (Fig. 1A): Grade 0, no
A wall swelling; Grade 1, LA wall swelling observed
nly around the PV; Grade 2, LA wall swelling observed
round the PV and a part of the LA free wall; and Grade
, LA wall swelling observed almost all around the LA.
he difference in the LA wall thickness measured on the
ight side of the LA posterior wall (Fig. 1B) before and
fter the PV ablation was assessed as the thickness of the
Figure 1 Assessment of the LA Edema and Dimension
(A) The severity of the left atrial (LA) edema was graded semiquantitatively
according to these schemas. (B) Axial electron beam tomography (EBT) images
of the LA obtained before (pre) and after (post) the pulmonary vein (PV) abla-
tion. The broken lines indicate the extent and the thickness of the LA edema
on the right side of the LA posterior wall (arrow) where they were measured.
(C) An axial EBT image of the LA at the slice just below the left inferior PV. At
this level, the maximum width and length of the LA were measured. LIPV  left
inferior pulmonary vein; RIPV  right inferior pulmonary vein.A edema. For the assessment of the LA size, the Laximum width and length were measured at the slice
ust below the left inferior PV (Fig. 1C). The incidence of
ignificant PV stenosis (a 50% reduction in the PV
stial size relative to that before the ablation) was also
valuated.
The LA diameter, left ventricular EF, and A-wave
elocity from the Doppler mitral inflow pattern (in the
atients with sinus rhythm alone) were evaluated by trans-
horacic UCG before and 1 month after the PV ablation.
he UCG evaluators were blinded to the patient’s history.
ollow-up. Follow-up was performed at 2 weeks, 1 month,
nd every month thereafter using 24-h Holter and cardiac
ecordings until at least 1 year after the PV ablation. All
atients who reported symptoms were given an event
onitor to document the cause of the symptoms.
tatistical analysis. Continuous variables are expressed as
he group mean  SD. Comparisons between groups were
erformed with either an unpaired Student t test or analysis
f variance or, where a normal distribution could not be
ssumed, the Mann-Whitney U test. Categorical variables
xpressed as numbers and percentages were compared with
chi-square test. Simple regression analysis or a Spearman
ank correlation was used to estimate the correlation be-
ween the 2 parameters. Statistical significance was selected
s a value of p  0.05.
esults
V ablation. The results of the PV ablation are shown in
able 1. The number of isolated PVs was 3.86  0.35 in
roup S and 3.96  0.19 in Group C (p  NS). The
umber of RF applications and amount of the RF energy
elivered during the PV ablation were significantly greater
n Group C than in Group S (p  0.001 and p  0.0001,
espectively).
A edema. The results of the EBT assessment are shown
n Table 1. The intraobserver variability with repeated
easurements was 5%, and the interobserver variability
as 10%. An EBT assessment at 1 or 2 days after the PV
blation revealed edematous changes in the LA wall in 47
lectron Beam Tomography,bla i , and Outcome Data





(n  27) p Value
LA edema grade 0.05
Grade 0 3 (6.0%) 0 (0%)
Grade 1 8 (16.0%) 1 (3.7%)
Grade 2 18 (36.0%) 8 (29.6%)
Grade 3 21 (42.0%) 18 (66.7%)
LA edema thickness (mm) 3.4 1.5 4.8 1.3 0.0001
Isolated PV (n) 3.9 0.4 4.0 0.2 NS
RF application (n) 69 21 88 20 0.001
Total RF energy (103 J) 71.9 33.6 152.0 32.0 0.0001
Severe PV stenosis 2 (4.0%) 1 (3.7%) NS
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April 3, 2007:1436–42 Prevalence and Severity of LA Edema After PVIroup S patients and in all 27 Group C patients. The grade
nd thickness of the LA edema were significantly greater in
roup C than in Group S (p  0.05 and p  0.0001,
espectively) (Fig. 2). In 21 (42%) Group S patients and 18
67%) Group C patients, the edematous changes were
bserved almost entirely around the LA wall and extended
o regions remote from the PVs, where the RF ablation was
ot applied. The thickness of the LA edema immediately
fter the PV ablation was weakly correlated (p  0.0470,
 0.23) with the LA wall thickness before the PV
blation. The amount of the RF energy delivered was
eakly correlated with the grade (p 0.0390, r 0.24) and
hickness of the LA edema (p  0.0008, r  0.38) over the
ntire group. The number of RF applications, which might
lmost correspond to the extent of the RF ablation, was
eakly correlated with the thickness of the LA edema (p 
.0073, r  0.30). The EBT assessment at 1 month after
he PV ablation revealed that those edematous changes had
lmost disappeared in all of those patients (Fig. 3). Al-
hough only a subtle LA wall swelling was still observed at
month after the PV ablation in 5 patients, it completely
isappeared by 3 months after the PV ablation in all
atients. In those 5 patients, neither the thickness of the LA
dema immediately after the PV ablation nor the amount of
he RF energy delivered were significantly greater as com-
ared to the residual 71 patients (4.8  1.7 mm vs. 3.8 
.6 mm, pNS, 113 64.2 103 J vs. 98.9 49.9 103
, p  NS, respectively).
A dimension and cardiac function. The EBT assess-
ent revealed that there were no significant changes in the
A size for those assessments performed before (73.1  7.8
m  41.5  7.2 mm), 1 or 2 days after (72.3  6.7 mm 
2.9  6.1 mm), and 1 month (71.5  6.3 mm  42.0 
.8 mm, pNS) after the PV ablation. A UCG assessment
Figure 2 Comparison of the Severity of the LA Edema After the
(A) Percentage of the Grade 0 to Grade 3 LA edema; (B) thickness of the LA edemevealed that there were no significant changes in the LAiameter or left ventricular EF between those results ob-
ained before and 1 month after the PV ablation (LA
iameter 34.1 5.0 mm vs. 34.3 5.1 mm; left ventricular
F 67.2  10.1% vs. 66.5  7.0%, p  NS, respectively).
uring the UCG procedures, 65 patients were in sinus
hythm before the PV ablation, and 67 patients were in
inus rhythm 1 month after the PV ablation. In those
atients, there were no significant changes in the A-wave
blation Between the 2 Groups
ue bars  Group S; red bars  Group C. Abbreviations as in Figure 1.
Figure 3 Representative Grade 3 LA Edema Observed
in a Patient 1 Day After (Post) the PV Ablation
The LA edema observed immediately after the PV ablation gradually decreased
and almost completely disappeared within 1 month after the PV ablation. Pre,
2W, and 1M represent before, 2 weeks after, and 1 month after the ablation,
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Prevalence and Severity of LA Edema After PVI April 3, 2007:1436–42elocity observed on the Doppler mitral inflow pattern
etween those results obtained before and 1 month after
he PV ablation (70.1  21.4 cm/s vs. 61.9  21.1 cm/s,
 NS).
ollow-up. During more than 6 months of follow-up, 25
roup S patients (50%) and 24 Group C patients (89%)
ere free of symptomatic PAF without any antiarrhythmic
rugs (p  0.001). However, no procedure-related LA
achycardias were observed in either group. There were no
ignificant relations between the thickness and grade of the
A edema and early (1 month after the ablation) and late
1 month after the ablation) AF recurrence in either
roup. Although significant PV stenosis was observed in 2
4%) Group S patients and 1 (3.7%) Group C patient (p 
S), those patients were asymptomatic. No other extracar-
iac complications occurred.
iscussion
n recent years, PVI has been developed as a curative
herapeutic method for drug refractory PAF (3,8,9). It has
een reported that extensive PV ablation might cause
nfavorable and sometimes life-threatening complications
uch as phrenic nerve injury (14), periesophageal nerve
njury (15), atrio-esophageal fistulas (11), or CHF (11);
owever, the extensive PV ablation has achieved better
linical results than the PVI techniques (8,9,10). Though
HF associated with LA edema after PV ablation (12)
eems to be rare compared to the other complications, we
elieve that it is very important to recognize the prevalence
nd severity of the LA edema after the PV ablation and its
ffect on the cardiac function in order to achieve an effective
nd safer PV ablation.
To the best of our knowledge, this is the first report
escribing the edematous changes in the LA wall immedi-
tely after the PV ablation. The edematous changes in the
A wall were observed in a large portion of the patients
mmediately after the PV ablation. The extent and amount
f the RF energy delivered during the PV ablation were
eakly correlated with the severity of the LA edema over
he entire group. On the other hand, the severity of the LA
dema and extent and amount of the RF energy delivered
uring the PV ablation were significantly greater in the
atients who underwent circumferential PV antrum abla-
ion than in those who underwent segmental ostial PVI.
herefore, the severity of the LA edema might depend
ore greatly on the PV ablation technique itself than on the
xtent and amount of the RF energy delivered during the
V ablation. The myocardium sleeve covering the PVs,
hich was continuous longitudinally, became gradually
hinner toward the pulmonary segment of the vein and
nded distinctly (16). In the circumferential PV antrum
blation, a thicker myocardium might be targeted and a
arger amount of myocardium might be damaged than in
egmental ostial PVI. Therefore, the severity of the LA
dema might actually be associated with the difference in lhe amount of damaged myocardium resulting from the
ifferent PV ablation techniques.
Interestingly, the edematous changes in the LA wall
ften extended to regions remote from the PVs, where the
F ablation was not applied. Duytschaever et al. (17)
eported an electrogram voltage reduction on the posterior
all of the LA not only within but also outside the encircled
Vs after circumferential PVI. The mechanism underlying
heir findings may be explained by the edematous changes in
he LA wall remote from the PVs, which the present study
evealed immediately after the PV ablation. The mechanism
nderlying the LA edema remote from the ablated PVs is
nclear. Wood et al. (18) reported a case complicated by
fter-pericardiotomy syndrome early after a left atrial linear
blation. In their case, the cardiac magnetic resonance
maging revealed diffuse intense pericardial edema and
hickening. They suggested that in this case, pericarditis was
aused by the extensive transmural atrial or pericardial injury
rom the linear LA lesions. Although, fortunately, our
atients did not show such severe symptoms, despite sig-
ificant edematous changes in the LA wall observed in EBT
mages, there might be some inflammation in the LA wall
xtending away from the PVs.
Steel et al. (12) reported that severe LA edema could
emain even 2 months after the PV ablation. In their case,
trial mechanical stunning attributable to atrial edema also
aused severe CHF. Fortunately, none of our cases showed
ymptoms or signs associated with heart failure. That is
robably because the LA edema had almost completely
isappeared in all of our patients within 1 month after the
V ablation. Schwartzman et al. (19) demonstrated that
issue edema of the right atrial wall due to inflammation
volved rapidly and resolved within 4 weeks after a linear
blation of the right atrium in a pig model. The LA edema
n our cases might have also been caused by temporal
nflammation and thus resolved naturally.
Duytschaever et al. (17) suggested that an electrogram
oltage reduction at the LA posterior wall remote from the
blated PVs, probably owing to edematous changes, may
ave contributed to the modification of the arrhythmia
ubstrate. However, it is unknown whether an electrogram
oltage reduction at the LA posterior wall persists or not.
ecause in the present study, the LA edema disappeared in
large portion of the cases within 1 month after the PV
blation, and no significant correlations were observed
etween the severity of the LA edema and AF recurrence,
e do not think the LA edema favored chronic clinical
esults. Further investigations are needed to clarify whether
hese changes in the LA wall after the PV ablation are
ontributors to the long-term clinical results or mere “col-
ateral damage.”
The complications in the current findings, as well as in
ost previous cases with major complications (esophageal
stula, and so on), might result from ablation using an
-mm-tip catheter. The use of irrigation-tip catheters with
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April 3, 2007:1436–42 Prevalence and Severity of LA Edema After PVIelivering a constant energy, and perhaps our findings
ight not be applicable to those catheters.
linical implications. Left atrial wall swelling itself due to
issue edema may be thrombogenic. Therefore, anticoagu-
ation therapy should be continued for at least 1 month after
he PV ablation even in patients without AF recurrence,
specially when the ablation is extensive.
In all patients without any symptoms or signs of CHF in
he present study, almost complete disappearance of the LA
dema was demonstrated by an EBT assessment at 1 month
fter the PV ablation. On the other hand, severe LA edema
emaining even 2 months after the PV ablation could cause
evere CHF (12). Therefore, an EBT assessment at 1
onth after the PV ablation may be useful to predict any
omplications of CHF, even if it rarely occurs.
tudy limitations. Because a histopathologic analysis had
ot been performed, we could not conclude the precise
echanisms of the edematous changes observed in the LA
all. Schwartzman et al. (19) reported that tissue edema was
athologically demonstrated to be the cause of early right
trial wall thickening after the linear ablation of the right
trium in a pig model. Mitchell et al. (20) reported that
trial subepicardial coagulation and hemorrhaging were
athologically observed after atrial linear ablation in a
anine model. Therefore, the same mechanism as described
arlier may be suggested in human cases.
What was actually measured in this study might not be
he actual edema thickness of the LA myocardium but the
hange in the LA wall thickness. Actually, because of the
imited spatial resolution of the EBT, the LA myocardium
ould not be distinguished from the interstitial space and
picardium either before or after the PV ablation in all cases
n this study. According to the report by Schwartzman et al.
19), measurement using intracardiac echocardiography
emonstrated that the interstitial space was 0 mm before the
blation and the interstitial edema thickness was about 50%
o 60% of the right atrial wall edema thickness after the
inear ablation of the right atrium in a pig model. Therefore,
e believe that the LA wall thickness before the PV ablation
as almost identical to the thickness of the LA myocar-
ium, and the change in the LA wall thickness was not
ntirely but mainly due to the LA myocardial edema.
Actually, multi-slice computed tomography may be more
fficient for the qualitative analysis of the edematous
hanges in the LA wall. However, this study was designed
n combination with routine monitoring to detect any PV
tenosis after the PV ablation. Therefore, we thought that
n EBT with a lower radiation exposure (21) might be
ppropriate for these investigations.
The learning curve of the ablator might have affected the
esults of this study. However, we experienced more than 50
ases of segmental ostial PV ablation before this study and
sed the same mapping and navigation systems in the 2 PV
blation techniques in this study. Therefore, we believe that
he impact of the learning curve was minimal enough to be
eglected.Recent reports using transtelephonic and long-term
olter monitoring have revealed that asymptomatic AF
ecurrences after an AF ablation occur more often than we
ould expect, and thus freedom from AF after an AF
blation may be overestimated (22,23). In this study,
symptomatic AF recurrences or new occurrences of LA
utter might have been missed, and the cure rate might have
een a little overestimated because intermittent Holter
ecordings alone were performed for the clinical follow-up.
onclusions
his study revealed that the edematous changes in the LA
all were observed in a large portion of the patients
mmediately after the PV ablation, and the severity of the
A edema depended on the extent and amount of the RF
nergy delivered during the PV ablation. The LA edema
ight have been caused by temporal inflammation and thus
esolved naturally. The LA edema disappearing soon after
he PV ablation did not reduce the cardiac function, and
hus, CHF associated with LA edema may be rare.
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